ABSTRACT This paper presents a special type of truss-shaped deployable grasping manipulator (DGM) that is suitable for grasping the large-scale objects, but its dynamic modeling is a challenging task because of its multiple closed-loop structures. To address this issue, an iterative dynamic modeling approach is proposed. First, the mechanism structure of the DGM is introduced. Second, the kinematics of the basic deployable parallel mechanism unit with scissor-shaped elements is established, and then, its deployment dynamics are modeled based on the Lagrange method. Third, an iterative dynamic modeling approach for the DGM is proposed to realize the real-time computation based on the recursive Newton-Euler method. Then, a controller with the desired feedforward dynamic compensation for the DGM is proposed to improve the control performance in comparison with the one without feedforward. Finally, experiments are completed to verify the proposed controller on a DGM, and experimental results show that the proposed controller is effective.
I. INTRODUCTION
Robotic grasping is an interesting but challenging research direction, and lots of researchers [1] - [5] have proposed different design schemes to grasp different types of objects with good grasping performance. However, these robot schemes are not suitable for grasping large-scale objects because they do not consider this special situation: grasping large-scale objects requires large-scale grasping devices and therefore it is preferable that large-scale grasping devices have the ability of deployment motion for convenient of storage and transportation. To solve such a problem, recently Jia [6] synthesized the mechanism modules for proposing a deployable grasping manipulator. The advantages of this scheme are that the truss-shaped multi-loop mechanism promises great stiffness, flexibility, and its capability of deployment motion. However, this work is only at theoretical stage, its structure is still too complicated so that the prototype is not fabricated and it has no experimental verification. Inspired by the deployable The associate editor coordinating the review of this manuscript and approving it for publication was Luigi Biagiotti. mechanism [7] , [8] and serial-parallel mechanisms [9] - [13] , a deployable grasping manipulator (DGM) with decoupled deployment and grasping motion is developed for space applications (like those in [14] and [15] ) by our team. This paper will mainly focus on the dynamic modeling approach and control scheme for the DGM, which is a challenging task for the DGM because of its quite complex multi-loop structure.
The DGM studied in this paper is a multi-unit serialparallel deployable mechanism, which is actually a hybrid manipulator. The dynamic model of a hybrid manipulator has been studied by many researchers. For example, Lee and Park [16] and Lee et al. [17] proposed a class of hybrid manipulators that have passive and multiple active links and studied their dynamic models. Moosavian and Pourreza [18] proposed a dynamic modeling approach for a hybrid serial-parallel mobile robot for heavy object manipulation. Sangveraphunsiri and Chooprasird [19] studied the dynamic model of a 5-DoF hybrid manipulator using the Lagrange method. Gallardo-Alvarado et al. [20] , [21] studied the dynamics of different types of hybrid manipulators using the screw theory approach. Liang and Ceccarelli [22] designed a class of hybrid mechanisms for humanoid robots and studied their dynamic models. Gregory and Chirikjian [23] proposed an efficient approach to approximate the dynamics of hyper-redundant manipulators that have a very large number of actuatable degrees of freedom. Kong and Yang [24] proposed a modular approach for the dynamics of hybrid robots. Recently, Lu et al. [25] established the dynamic model of a novel hybrid hand with three flexible fingers. The aforementioned researches mainly focus on the dynamic model for hybrid manipulators that have two parallel mechanisms or a parallel mechanism connected by another serial mechanism. The dynamic modeling approaches for hybrid manipulators that have n parallel mechanisms (n ≥ 3) in series remain rare.
This paper focuses on dynamic modeling approaches for hybrid manipulators that have n parallel mechanisms (n ≥ 3) in series. In order to solve the control problem due to high speed and heavy workload, a unified dynamic modeling approach for hybrid manipulators with multiple parallel mechanisms was proposed in [26] . However, only one case with linear active legs is studied and the structure type of the hybrid manipulators is assumed. Thus, the method in [26] cannot be used to establish the dynamics for the DGM in this paper. The DGM considered in this paper is used for grasping large-scale objects with large inertia, the control problem of which is a challenging work, a model-based control approach of the DGM is proposed to improve the DGM's control performance.
The contributions of this paper can be summarized as follows:
1) A dynamic modeling method for the closed-loop basic deployable parallel mechanism unit that has scissor-shaped elements is proposed based on the Lagrangian mechanics.
2) An iterative dynamic modeling approach for the DGM is proposed to realize the real-time computation based on the recursive Newton-Euler method.
3) A precise controller with desired feedforward dynamic compensation for the DGM is proposed to improve control performance.
This paper is organized as follows. In section II, the mechanical design of the DGM is described, and the kinematics of the whole DGM and that of the basic deployable parallel mechanism unit are established. In section III, the dynamics of the basic deployable parallel mechanism unit with the closed-loop structure are modeled. In section IV, an iterative dynamic modeling approach for the DGM is proposed. In section V, a controller based on its iterative dynamic model is proposed. In section VI, experiments are performed to validate the effectiveness of the proposed dynamic model and controller. Finally, in section VII conclusion of this paper is given.
II. MECHANICAL DESCRIPTION AND KINEMATICS OF THE DGM
Before describing the dynamic modeling method, the mechanism structure of the DGM is first introduced and then the kinematics of the whole DGM and that of the basic deployable parallel mechanism unit are established in this section.
A. DESCRIPTION OF THE DGM
A novel DGM that can be folded into a compact configuration for convenient transportation and deployed into a large-scale configuration for grasping large-scale objects is described here. The mechanical design of the DGM involves the design of the basic deployable parallel mechanism unit and its serial connection mechanism. The basic deployable parallel mechanism unit, as depicted in Fig. 1 , is a deployable mechanism composed of two scissor-shaped mechanisms and two double parallelogram mechanisms. This structure allows the two movable platforms (P 1 and P 2 ) to be foldable into a compact configuration, as shown in Fig. 1(b) . In fact, the upper platform (P 1 ) has a translational motion with respect to the lower platform (P 2 ). For facilitating the following analysis, the forces are defined in Fig. 1 , where
T is the active force to actuate the deployment motion of the basic deployable parallel mechanism unit, F i2 = 0 F i1y 0 T is the passive force from the next basic deployable parallel mechanism unit. The serial connection mechanism is as shown in Fig. 2 , which connects the adjacent deployable parallel mechanism units by using a common slider and a common cross hinge in this connection mechanism. In the serial connection mechanism, the axes $1, $2, and $3 represent the corresponding axes of the revolute joint, $4 represents the axis of the prismatic joint, h 1i represents the height between the center point of the cross hinge and the axis $4, and h 2i represents the height between the axis $4 and the axis of the corresponding revolute joint. Combining the basic deployable parallel mechanism unit and the serial connection mechanism produces a DGM that has decoupled deployment and grasping mobility (the grasping mobility is independent of the deployment mobility).
To show the DGM clearly, by assuming that its first basic deployable parallel mechanism unit is fixed on the base, a DGM composed of n (n ≥ 3) basic deployable parallel mechanism units is depicted in Fig. 3 . In Fig. 3 , motor 1 is used to drive the whole manipulator's deployment motion, and motors 2 and 3 are used to actuate the grasping motion via the serial connection mechanism. It worth noting that motors 4 to n − 1 are not given here for simplicity. Because its first basic deployable parallel mechanism unit is fixed on the base, it only requires n motors to actuate its deployment and grasping motion.
B. KINEMATICS OF THE WHOLE DGM
To facilitate the kinematic modeling, the parameters setting of the basic deployable parallel mechanism unit is as shown in Fig. 4 . We use 2L 1 to represent the length of the connecting rod of the scissor-shaped mechanism, use l 1 to represent the distance between two intersection points of the scissor-shaped mechanism and lower platform. Because there only exists a translational motion between the lower platform and the upper platform, we can use r 0 = 0 0 z T to represent the position vector from the lower platform to the upper platform. Then, the forward kinematics can be obtained as follows:
where e 3 = 0 0 1 T , h 2 = 0 0 h 2 , where h 2 = h 2i is caused by the specific structure, as shown in Fig. 2 . The inverse kinematics can be established as follows:
Next, the kinematics of the serial connection mechanism is modeled. The schematic diagram of the connection mechanism is depicted in Fig. 5 . The revolute joints A, B and C correspond to the axes $1, $2, and $3 in Fig. 2 , respectively; the line B-C corresponds to the prismatic joint P in Fig. 2 , and the point D corresponds to the axis $4 in Fig. 2 . In addition, l ij (i = 1, 2, . . . , n − 1, j = 1, 2, 3) represents the corresponding length of the i-th serial connection mechanism, and h 1i is as shown in in Fig. 2 .
Let l i2 represent the length of the lead-screw determined by motor i+1, and let β i (i = 1, . . . , n − 1) represent the rotation angle of the two platforms in the i-th connection mechanism between the adjacent deployable parallel mechanism units. The rotation angle β i can be obtained as
Based on Eq. (3), we can know that the rotation angle β i can be regulated by the length l i2 (i = 1, . . . , n − 1).
Finally, the kinematics of the whole DGM is modeled. The simplified DGM is as shown in Fig. 6 , where the i-th basic deployable parallel mechanism unit is simplified to be variable-length link i, and the connection mechanism between adjacent deployable parallel mechanism units is simplified to be the joint. According to Fig. 6 , the pose of the end-effector frame {X n , Y n , Z n } with respect to the base frame {U 0 } can be expressed as
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is the corresponding transformation matrix between two adjacent coordinate frames, which can be given as follows:
The kinematics formulation can be obtained aṡ
where v T e ∈ R 3 and w T e ∈ R 3 represent the angular velocity and linear velocity of the DGM's end-effector, and J ( ) is the Jacobian matrix.
It is worth noting that the first basic deployable parallel mechanism unit is fixed on the base and the first joint has no connection mechanism. For unification, in the following content, we define that the i-th connection mechanism corresponds to the (i + 1)-th joint.
C. KINEMATICS OF THE BASIC DEPLOYABLE PARALLEL MECHANISM UNIT
For facilitating the dynamic modeling of the basic deployable parallel mechanism unit, in this part, the kinematics of the basic deployable parallel mechanism unit is established based on the geometric method.
Because each basic deployable parallel mechanism unit is composed of three planar limbs, the kinematics of each basic deployable parallel mechanism unit can be simplified to the plane problem. As shown in Fig. 7 , the lengths of all connecting rods are represented by 2L 1 , the initial angle between the connecting rod and the horizon line is θ 1 , the relative motion of the upper platform is z, the rotation angle of the connecting rod is ϕ 1 , and the horizontal motion of the prismatic joint is y, whose positive direction is shown in Fig. 7 . Therefore, there exists the following relationship: l 1 = 2L 1 cos θ 1 − y. (2L 1 )
Based on Eqs. (6) and (7), the rotation angle ϕ 1 and the vertical motion z can be obtained as
The kinematic modeling of the double parallelogram mechanism also can be simplified to be the plane problem. As shown in Fig. 9 , the connecting rod has the length L 2 , the initial angle between the connecting rod and the horizon line is θ 2 . It is worth noting that the compound hinges of this mechanism has two relative rotation angles including the angle between the two long connecting rod ϕ 3 + θ 3 and the angle between the long connecting rod and the horizontal connecting rod that is equal to ϕ 2 + θ 2 . The angles have the following relationship: ϕ 3 + θ 3 = 2ϕ 2 + 2θ 2 and ϕ 3 = 2ϕ 2 .
Based on Fig. 9 , for the i-th basic deployable parallel mechanism unit, one can obtain the following: where θ 2 is determined by
Based on Eqs. (16) and (11), the relative rotation angle ϕ 2 can be obtained as
III. DYNAMICS MODELING OF THE BASIC DEPLOYABLE PARALLEL MECHANISM UNIT
Based on the kinematics of the basic deployable parallel mechanism unit established at last section, the dynamic modeling of the i-th basic deployable parallel mechanism unit is established in this section. Based on the kinematics of the i-th basic deployable parallel mechanism unit, we can obtain the dynamics of the i-th basic deployable parallel mechanism unit by using the Lagrange method. Let y as the generalized coordinate, the dynamics can be obtained as follows:
where L = E −U is the Lagrange function equation; E and U represent the total kinetic energy and total potential energy, respectively; Q l is the generalized force.
A. SYSTEM KINETIC ENERGY
The total kinetic energy E of the i-th basic deployable parallel mechanism unit is composed of the kinetic energies of the scissor-shaped mechanism and the double parallelogram mechanism. In this paper, we assume that all connecting rods are uniform and their centers of mass are located at their geometric centers. First, the kinetic energy of the two-layer scissor-shaped mechanism is discussed. The rotational velocity of the connecting rod around the mass center is represented byφ 1 . Because the i-th basic deployable parallel mechanism unit has two layers of scissor-shaped mechanisms and each layer has two connecting rods, the translational velocity of each connecting rod of the i-th basic deployable parallel mechanism unit can be established as
where i (i = 1, . . . , n), in which n representing the number of the basic deployable parallel mechanism units; j, j = 1, 2 is used to represent the j-th layer of scissor-shaped element in each basic deployable parallel mechanism unit. In addition, the translational velocities of the upper platform and the lower platform of the i-th basic deployable parallel mechanism unit are iż and (i − 1)ż, respectively. Because the sum number of connecting rods in each scissor-shaped element of the basic deployable parallel mechanism unit is 2, the kinetic energy E i1 of the scissor-shaped mechanism of the i-th basic deployable parallel mechanism unit can be obtained as
where M 0 represents the mass of the upper platform (or the lower platform) of each deployable parallel mechanism unit; M 1 represents the mass of each connecting rod, and J 1 represents the moment of inertia of the connecting rod. The rotational velocityφ 1 can be calculated bẏ
Second, we discuss the kinetic energy of the double parallelogram mechanism. The rotational velocity of the connecting rod around the mass center is represented byφ 2 . Because the i-th basic deployable parallel mechanism unit has two parallelogram mechanisms, the translational velocity of each connecting rod except the horizontal rod can be established as ((2k − 1)ż)/4 + (i − 1)ż, k = 1, 2, the translational velocity of the horizontal rod can be established asż/2+(i − 1)ż. The kinetic energy E i2 of the double parallelogram mechanism of the i-th basic deployable parallel mechanism unit can be obtained as
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Because the basic deployable parallel mechanism unit has two double parallelogram mechanisms and one two-layer scissor-shaped mechanism, the total kinetic energy of the i-th basic deployable parallel mechanism unit is
B. GENERALIZED FORCE
In this part, the non-conservative force including friction and other disturbances is considered. Note that there are θ 1 = 2θ 1 in Fig. 7 , the relative rotational velocity of all joints of the scissor-shaped mechanism is 12φ 1 . Thus, the generalized force D 1 caused by rotational friction of the scissor-shaped mechanism can be obtained as
where c 1 is the rotational friction coefficient of each joint. Note that there is θ 3 = 2θ 2 and note that the two compound hinges in Fig. 9 , so the relative rotational velocity of all joints of the double parallelogram mechanism is 10φ 2 . Thus, the generalized force D 2 caused by rotational friction of the two double parallelogram mechanisms can be obtained as
By defining the translational friction coefficient of the prismatic joint as c 2 , the generalized force D 3 caused by translational friction of the prismatic joint can be obtained as
As shown in Fig. 1, F 
T is the active force to actuate the deployment motion, F i,2 = 0 F i,2y 0 T is the passive force coming from next basic deployable parallel mechanism unit. Thus, the total generalized force of the i-th basic deployable parallel mechanism unit can be obtained as
C. DYNAMIC MODELING
Because the potential energy is negligible in space applications, in this paper we assume that the potential energy U is equal to zero. Based on Eq. (15), due toż = dz dyẏ , one can obtain the following:
where M 1 (i, y) and f 1 (i, y) are two formulas of variables i and y, and C 1 (i, y,ẏ) is a formula of variables i, y,ẏ, they are given as follows:
.
Based on Eq. (19), one can obtain d dt
where M 2 (i, y) and f 2 (i, y) are two formulas of variables i and y, and C 2 (i, y,ẏ) is a formula of variables i, y,ẏ, they are given as follows:
Based on Eq. (13), we can obtain the following dynamics:
where M (i, y) and C (i, y,ẏ) are determined by
IV. ITERATIVE DYNAMIC MODELING OF THE DGM
The accurate and efficient dynamic model is necessary to design a high-performance controller for the DGM, especially when used for grasping large-scale and large-inertia objects. Because the recursive Newton-Euler method possesses high efficiency, the dynamics of the DGM is established based on the recursive Newton-Euler method in this paper. Fig . 10 illustrates the parametric setting of the DGM, where the i-th basic deployable parallel mechanism unit is simplified to be a variable-length link i, and the i-th connection mechanism is simplified to be joint i. The coordinates frame fixed on link i and the end-effector are established according to Fig. 6 . P i represents the position of joint i with respect to the base coordinate frame (i.e., {X 0 , Y 0 , Z 0 }), P i,i+1 is the position vector of joint i + 1 with respect to joint i (if i = n, P n,n+1 represents the position vector of the end-effector frame {X n , Y n , Z n } with respect to joint n), and P ci represents the position vector of the centroid of joint i with respect to joint i + 1. The homogenous transformation matrix i A i+1 can be expressed ass
where i R i+1 and i P i+1 represent the rotation matrix and the position vector, respectively.
A. FORCE ANALYSIS 1) THE INERTIA FORCES AND MOMENTS OF THE BASIC DEPLOYABLE PARALLEL MECHANISM UNIT
The inertia force i F i and inertia moment i T i of the i-th basic deployable parallel mechanism unit (i.e., link i) in the coordinate frame {U i } can be expressed by
where m i is the total mass of the i-th basic deployable parallel mechanism unit; ci I i is the inertia tensor of the i-th basic deployable parallel mechanism unit; i ω i and iω i are the angular velocity and acceleration of link i in the coordinate frame {U i }, and iv ci is the linear acceleration of the centroid of the link i in the coordinate frame {U i }.
Based on the analysis in Section III, the mass m i of the i-th basic deployable parallel mechanism unit can be expressed as m i = 2M 0 + 4M 1 + 8M 2 + 2M 3 , where the masses M 0 , M 1 , M 2 , and M 3 have been given. To calculate the inertia tensor ci I i of the i-th basic deployable parallel mechanism unit, we simplify the basic deployable parallel mechanism unit to a planar object, as shown in Fig. 11 , where its centroid is assumed to be located at its center, the length is determined by |r 0 | and the parameter a x is determined by its specific structure. We assume that the mass of the basic deployable parallel mechanism unit is uniformly distributed FIGURE 11. The simplified basic deployable parallel mechanism unit. and other components of the inertia tensor are zero. Thus, the simplified inertia tensor matrix ci I i can be expressed as
where the elements ci I xx , ci I zz , ci I xy , ci I xz , ci I yz are not considered here for simplicity.
2) INTERACTION FORCE ANALYSIS
The DGM studied in this paper is a mechanism that has both deployment motion and grasping motion. The dynamics of the deployment motion of the basic deployable parallel mechanism unit has been modeled in Section III. Based on its dynamics, we know that the deployment motion of the i-th basic deployable parallel mechanism unit is subjected to F i,1 and F i,2 . As shown in Fig. 12 , the force and reaction force of joint i is depicted, where F i,1 is the actuation force to actuate the deployment motion of the i-th basic deployable parallel mechanism unit, and F i−1,2 is the reaction force from the (i − 1)-th basic deployable parallel mechanism unit (for detail, one can see Fig. 1 ). Next, we analyze the forces and torques that are produced by the deployment motion and grasping motion. As shown in Fig. 12 , the interaction force and torque between two adjacent links is depicted, where f i and n i represent the force and torque acting on the link i produced by the link i − 1. On the other hand, link i also produces the force f i+1 and torque n i+1 acting on the link i + 1. Thus, link i also is subjected to the reaction force −f i+1 and reaction torque −n i+1 from the link i + 1. It is worth noting that the forces (f i and −f i+1 ) and torques (n i and −n i+1 ) are related to both deployment motion and grasping motion. It is also worth noting that the force F i,1 to actuate the deployment motion is vertical to the force f i and torque n i . By neglecting the dynamics caused by the over-constraint, the forces F i,1 , f i and torque n i can be calculated by the iteration.
B. RECURSIVE NEWTON-EULER METHOD 1) OUTWARD ITERATION
Because the DGM is used for space applications, the gravity of the DGM is not considered here. In this part, the angular velocities, angular accelerations, linear velocities and linear accelerations are calculated in a recursive manner, which are given as
where i ω i and iω i are the angular velocity and acceleration of link i in the coordinate frame {U i }, i−1v i is the linear acceleration of joint i, iv ci is the linear acceleration of the centroid of link i in the coordinate frame {U i }, i Y i = 0 1 0 T , and
and iP c,i are caused by the deployment motion that can be expressed by
where a x is determined by the specific structure of the basic deployable parallel mechanism unit of the DGM. VOLUME 7, 2019
2) INWARD ITERATION a: FOR n-th BASIC DEPLOYABLE PARALLEL MECHANISM UNIT
In this paper, we assume that the end-effector is not subjected to any force and moment. For the n-th basic deployable parallel mechanism unit (i.e., link n in Figs. 6 and 12) , based on the force and moment balance principle, one can obtain the forces F n,1 and n f n and torque n n n acting on the n-th basic deployable parallel mechanism unit by the following equations:
where n f n and n n n are the force and torque acting on link n produced by link n − 1, respectively; n F n and n T n are the inertia force and inertia torque of link n, respectively. Because there exists no force F n,2 for the last basic deployable parallel mechanism unit, i.e., F n,2 = 0, the force to actuate the deployment motion of the n-th basic deployable parallel mechanism unit can be obtained as
where the component F n,1y , based on Eq. (34), can be calculated by
Based on Eqs. (42)- (45), the inertia force n F n and inertia torque n T n can be obtained, therefore the force n f n acting on link n can be calculated directly. Based on Eq. (52), the torque n n n acting on link n can also obtained using the force n f n . In addition, the force F n,1 to actuate the deployment motion of the n-th basic deployable parallel mechanism unit can be obtained based on Eqs. (53) and (53).
b: FOR i-th BASIC DEPLOYABLE PARALLEL MECHANISM UNIT
For i-th basic deployable parallel mechanism unit (i.e., link i in Fig. 12 ), based on the force and moment balance principle, one can obtain the forces F i,1 , i f i and torque i n i acting on the i-th basic deployable parallel mechanism unit by the following equations:
Because
T of the i-th basic deployable parallel mechanism unit can be obtained. Thus, the force F i,1 to actuate the deployment motion of the i-th basic deployable parallel mechanism unit can be obtained as
where the component F i,1y can be calculated by
Based on the iterative Newton-Euler method, the force i f i and torque i n i acting on the i-th basic deployable parallel mechanism unit can be calculated by Eqs. (54)- (55), and the force F i,1 to actuate the deployment motion of the i-th basic deployable parallel mechanism unit also can be obtained based on Eqs. (57) and (57). Thus, the force F 1,1 actuating the deployment motion of the whole DGM can be obtained via the iterative approach. In addition, the torque i n i (i = 2, . . . , n) that actuates the i-th joint, as shown in Figs. 7 and 13, can be calculated (it is worth noting that the first basic joint is fixed on the base platform, and thus there exists no the first joint, i.e., 1 n 1 = 0).
C. MOTOR TORQUES
Because the torque i n i (i = 2, . . . , n) is actually produced by the i-th connection mechanism, the force actuating the lead screw should be calculated. As shown in Figs. 6 and 12, the torque i n i (i = 2, . . . , n) is located at coordinate frame {U i−1 }, and therefore the actual torque actuating the lead screw is i−1 n i (i = 2, . . . , n). This should be noted when modeling. As shown in Fig. 13 , the relative motion schematic diagram of the i-th connection mechanism is depicted, where i F i represents the force actuating the lead screw with
. . , n − 1) represents the torque generated by the i-th connection mechanism with i n i+1 = 0 i n i+1 0 T , l i2 is the relative length of the lead-screw's motion, and β i is the relative rotation angle of link A-B.
Based on the principle of virtual work, one can obtain
Based on the geometric relationship, one can obtain
where
. Therefore, the torque i n i+1 (i = 1, . . . , n − 1) can be obtained as
where i F i is the force produced by the lead screw. Based on Eq. (60), we can know that the torque i n i+1 (i = 1, . . . , n − 1) can be regulated by the length l i2 (i = 1, . . . , n − 1). Based on Eq. (57), the force F 1,1 = 0 F 1,1y 0 T actuating the deployment motion of the whole DGM is controlled by the variable y. For unification, we define χ 1 = y and χ i = l (i−1)2 (i = 2, . . . , n), thus we have the unified position vector χ = [χ 1 , χ 2 , . . . , χ n ] T . We define F 1 = F 1,1y and F i = i F i (i = 2, 3, . . . , n), and therefore we have the unified force vector
T . Because the length χ i , i = 1, 2, . . . , n is actually actuated by the lead screw, the relationship between the motor torque and the force F i (i = 1, 2, . . . , n) should be calculated. The relationship of the lead-screw and the motor is written as follows:
where P i represents the i-th lead-screw's pitch actuated by motor i; θ m i and χ i represent the variations of the motor angle and lead-screw's length, respectively. Based on the principle of virtual work, by using η to represent the transmission efficiency of the lead screw, one can obtain
Therefore, the motor torque τ m i can be obtained as
V. CONTROLLER DESIGN
Based on the proposed method for iterative dynamic modeling, we can obtain the dynamics of the DGM in the following form: For a practical operation, the desired motor trajectories can be determined by specific manipulation requirements. Then, each motor can be driven by the PD controller with desired feedforward dynamic compensation, where the velocities and accelerations of motor angles can be obtained using the differential method and low-pass filter. To illustrate the controller clearly, Fig. 14 shows this control strategy. 
VI. EXPERIMENTS A. EXPERIMENTAL SETUP
To verify the effectiveness of the PD controller with desired feedforward dynamic compensation, experiments are completed on a DGM of 3 basic deployable parallel mechanism units. The DGM experimental system is given in Fig. 15(a) , where the gravity is compensated by a supporting system. In this supporting system, the universal balls are used on the ground to compensate the gravity of the DGM and not to affect its motion. In addition, three Copley motor drivers are used to drive three motors, and a dSPACE control system is used to control all motors' drivers. As depicted in Fig. 15(b) , a laser tracker is used as a measurement instrument to measure the end-effector's position in Cartesian coordinate. The control period of all experiments is set to be T = 1ms in this paper.
B. EXPERIMENTAL RESULTS
In this part, the PD controller with desired feedforward dynamic compensation and the PD controller without feedforward are compared to show the superiority of the PD controller with desired feedforward. For a fair and reasonable comparison, the gains of these two controller should be selected to make these two controllers have similar energy consumption. These two comparative controllers and their design parameters are given as follows: 1) PDF: The PD controller with desired feedforward dynamic compensation (PDF) is used. The recursive The controller design and gain parameters are set to be the same as those of PDF controller except for the feedforward compensation. The desired trajectories of motors 1, 2, and 3 are set to x d1 = 8π + 8π sin(2π t/15 − π/2), x d2 = 10π + 10π sin(πt/6 − π/2), and x d3 = 10π + 10π sin(π t/6 − π/2). The verification experiment of the PDF controller is conducted on a DGM, where a laser tracker, as depicted in Fig. 15(b) , is used to measure the end-effector's position in X and Z direction (the position in Y direction is zero in this paper). Comparative experimental results are obtained based on the desired trajectories and the measured trajectories, which are depicted in Fig. 16 . The maximum absolute errors for the PD controller in X and Z axis are 7.62mm 15.30 mm , and the maximum absolute errors for the PDF controller in X and Z axis are 1.29mm 2.31mm . Fig. 16 shows that the PDF controller achieves better tracking performance. In addition, control input signals of the PDF and PD controllers are depicted in Fig. 17 . This shows that the comparison is fair and reasonable because control input signals of these two controllers have similar high-frequency signals. 
VII. CONCLUSION
In this paper, we proposed an iterative dynamic modeling approach and a dynamic model-based control strategy for a novel DGM. By analyzing the characteristics of the basic deployable parallel mechanism unit with scissor-shaped elements, we established its kinematics and dynamics based on the Lagrangian mechanics. Next, we established an iterative dynamic model of the whole DGM based on the recursive Newton-Euler method. Then, by incorporating the dynamic model into the control strategy, we proposed a controller with desired feedforward dynamic compensation for the DGM to improve control performance in comparison with the one without feedforward. Finally, we conducted experiments to verify the proposed controller. Experimental results show that the proposed controller with desired feedforward are effective. In future work, we will explore the grasping stability and grasping control strategy of the DGM for grasping large-scale objects.
